Summary
Introduction
Studies of stimulated breathing in patients with airflow obstruction have focused largely on the total ventilatory response to respiratory stimuli (Rheinhardt, 1912; Donald & Christie, 1949) , the work of breathing (Lane & Howell, 1970) or central nervous system responsiveness to CO, (Lourenpo & Miranda, 1968) . Surprisingly little attention has been paid to the pattern of breathing. Since the pioneer work of von Euler (von Euler, Herrero & Wexler, 1970) it has become customary to represent pattern by the relationship of tidal volume (VT) to breath duration (TJ and its components, inspired and expired breath intervals (T, and T,). The qualitative and quantitative aspects of this relationship have been clearly defined in experimental animals (Clark & von Euler, 1972) and in normal human subjects (Cunningham & Gardner, 1972) . Little information is yet available concerning this relationship in disease states. We have, therefore, studied breathing patterns in patients with severe airflow obstruction during C0,-stimulated breathing, and in this paper we attempt to relate pattern to the mechanical status of the lungs of these subjects.
Materials and methods
In 12 male patients with severe airflow obstruction aged 43-71 years (mean 60 years), each of whom gave informed consent, the ventilatory response to CO, rebreathing was measured (Reid & Leigh, 1967) . Their forced expiratory volumes in ks (FEV,.,) ranged between 0.55 and 1.35 litres (mean 0.97 litre). Airflow obstruction was irreversible, as demonstrated by a failure of FEV,., to change by more than 10% after inhaled bronchodilators. Details of the subjects are given in Table 1 . End-expiratory thoracic gas volume ( Vr& i.e. functional residual capacity (FRC), and airways resistance (Raw) were measured at rest by a constant-volume whole-body plethysmograph (DuBois, Botello, Bedell, Marshall & Comroe, 1956 ) manufactured by Fenvyes and Gut (Basle, Switzerland). The dead-space of the rebreathing circuit was 0.26 litre with an intrinsic airflow resistance of 0.03 kPa 1-' s.
For the measurement of FRC, pressure changes in the plethysmograph were monitored by a differential transducer (sensitivity 0.001-0.2 kPa: frequency response flat from 0 to 100 Hz) backed off against a rigid metal container (volume 50 litres) to stabilize against thermal drift. Displacements of 0.1 litre gave a linear relationship between plethysmograph pressure and volume to 1.0 litre (0.20 kPa pressure). Pressure changes produced at the mouth by the inspiratory effort against the closed shutter were measured by a differential transducer (sensitivity 0.5-5 kPa: frequency response flat to 50 Hz) backed off against the interior of the box.
Box and mouth pressures were plotted against each other on an X-Y recorder (Bryans Ltd, type 29 000) with a writing speed of more than 50 cm/s and a linearity better than 0.1%. Shutter closure was carried out manually.
By reference to the volume trace from the pneumotachograph, correction of FRC values could be made if shutter closure did not coincide exactly with end-inspiration. The greatest coefficient of variation in measuring FRC in an individual was 3.8% for six readings (equivalent to approximately kO.13 litre).
Measurements of Raw were made during resting tidal breathing. Panting manoeuvres were not employed. By breathing warm moist air (at BTPS) contained in a bag within the plethysmograph, temperature and humidity artifacts were excluded. Before and during rebreathing from a bag of CO, + 0, (7 : 93, v/v) situated inside the plethysmograph, airflow was measured with the pneumotachograph, volume being derived from the flow signal integral. Expired air was sampled continuously at the mouth and analysed with a Hartmann-Braun infrared CO, analyser (type URAS 4) to obtain end-tidal CO, (CO& Measurements of airflow and tidal volume were made at rest and during rebreathing, which was continued to the limit of tolerance, when the subject was again allowed to breathe air. Intermittent measurements of end- Lines of best fit were drawn by hand by three independent observers through the breathing pattern plots obtained by the mean value analysis, because the irregular shape of the plots and wide inter-subject variation precluded the application of any satisfactory regression formula to the data. Measurements were made of initial and final breath durations and of the final tidal volume attained, which is referred to as Vmm. whether or not a higher tidal volume had been recorded at a lower level of CO, stimulation. Values are given as mean _+ SD. Significance of differences was assessed by unpaired t-test.
Arterial PCO, (Pa,coJ was measured in all patients at rest before the rebreathing procedure was carried out, with standard Radiometer equipment.
Results
A pattern of breathing during CO, stimulation was established which was characteristic of each of the 12 subjects.
Increases in ventilation were generally achieved by both an increase in V, and a shortening of Tt (e.g. subject T.J., Fig. 1 ). In five subjects, V, diminished towards the end of the rebreathing period so that the final tidal volume was not significantly different from that at the commencement of rebreathing, the increase in minute ventilation being achieved by a decrease of Tt (e.g. subject R.A., Fig.  1 ). Both Ti and T, shortened during rebreathing. The relative proportions that each contributed to Tt remained unchanged throughout the period of ventilatory stimulation in seven subjects; Ti shortened appreciably more than T, in three and the reverse was true in the remaining three subjects (Table 2) .
Final tidal volume
The final tidal volume (Vmm) attained at the end of rebreathing had a mean value of 1.23 & 0.30 litres. This represented 65% of mean Significant correlations could also be demonstrated between V,,,,.
and FEV,., (r = 0.65, P < 0.01) and V, , , , , and resting Pa,co, (t = 0.60; P <
0.05).

Measurements of FRC
Measurements of FRC made during resting breathing showed various degrees of hyperinflation (Table l) , with a group mean FRC of 5.62 f 1-27 litres (163% predicted) and mean TLC of 7.02 k 1-49 litres (123% predicted). During rebreathing 10 of the 12 subjects showed a further significant increase in FRC of between 0.50 and 1.90 litres (Table 3) . Subjects G.D. and F.B. failed to show a significant change in FRC, as expressed as the difference in mean values taken at rest and during rebreathing.
These increases in FRC can be added to the changes in V, recorded during rebreathing to give a new representation of breathing pattern. This is shown in Fig. 1 . Thus two plots of breathing pattern were obtained for each individual, one of V, against breath intervals and the other one of absolute volume changes (i.e. V, + FRC) against breath intervals. It is apparent that much greater volume changes were occurring than could be assessed by measuring V, alone. The mean final volume change for the whole group was 2.07 5 0.49 litres. This exceeded measured VC by 10% and measured IC by 38%. It represented 54% of predicted VC and 84% of predicted IC. In all 10 of the 12 subjects showing a significant rise in FRC, the peak of the tidal excursions at the end of rebreathing exceeded the TLC at rest.
A significant correlation was found between the maximum changes in FRC during rebreathing and inspiratory Raw (r = 0.857, P < 0.001; Fig. 2) .
No significant correlations were obtained between the increase in FRC and resting lung volumes, FEV,,, or the components of respiratory pattern either at rest or during ventilatory stimulation.
Discussion
During ventilatory stimulation in animals and in normal human subjects, the relationship between tidal volume and the components of breath interval has generally been found to have a characteristic pattern consisting of an initial range 1, in which V, increases with little change in T,, though T, may shorten, followed by a range 2, in which, although V, continues to increase, both of the components of breath interval decrease, though the change in T, in some subjects is small (Clark & von Euler, 1972; Gardner, 1975) .
Central nervous system inspiratory activity appears to determine the rate of rise of volume and, in range 1, the switch from inspiration to expiration also appears to be centrally determined. It is thought that pulmonary volume-sensitive reflexes of the Hering-Breuer type are responsible for the shortening of breath duration in range 2, probably interacting with the central mechanism. Expiration is not entirely passive, for expiratory breath duration seems to be influenced both by a laryngeal braking mechanism and by post-inspiratory diaphragmatic activity (Gautier, Remmers & Bartlett, 1973) .
In our study of CO, rebreathing in patients with chronic airflow obstruction we could not distinguish parts of the V,/breath duration plots which were equivalent to the range 1 and range 2 described by Clark & von Euler (1972) . The V, response was small and FRC increased during the course of rebreathing, so that final tidal volume peaks exceeded resting TLC.
Although caution should be expressed when drawing parallels between external loading studies in normal subjects and studies in patients with pathological intrapulmonary airflow obstruction, the similarities between the present study and our previous study of respiratory pattern during expiratory non-elastic loading in normal subjects (Garrard & Lane, 1978) are striking. With either artificial airflow obstruction in normal subjects, or pathological obstruction in patients, during C0,-stimulated breathing there appears to be a low tidal volume response but a rise in FRC so that final end-inspiratory thoracic gas volumes exceed resting TLC. Fig. 3 summarizes the changes in V, and FRC recorded in the present study of patients with chronic airflow obstruction and compares them with the findings in normal subjects both loaded and unloaded (Garrard & Lane, 1978) .
Grassino, Lewinsohn & Tyler (1973) also observed a reduction in the V, response to CO, breathing in normal subjects in association with an elevation in FRC. In their study the rise in FRC was produced by negative pressure loading of the thoracic cage within a body plethysmograph so that there was no interference with the airways in their subjects.
A reduced V, response in patients with chronic airways obstruction has previously been described (Pierce, Luterman, Loudermilk, Blomqvist & Johnson, 1968; Potter, Olaffson & Hyatt, 1971) . Sorli, Grassino, Lorange & Milic-Emili (1978) have suggested that those patients with chronic airways obstruction who have a lower than normal resting V, are those who retain CO,. In our patients there was no relationship between Pa,co, and resting V,, but there was a significant negative correlation between Pa,coz and final stimulated V,.
However, rather than being causally related, both these variables might simply reflect the severity of should be directly related to such an index as this in conceptual terms is more difficult to answer, since airflow obstruction is flow-limiting rather than volume-limiting and no account is taken of concomitant FRC changes.
In other studies, the V, , , , . has been related to the size of the subject's VC. Hey, Lloyd, Cunningham, Jukes & Bolton (1966) found steadystate V, , , , . to be half the predicted VC in their normal subjects. Rebuck (Garrard & Lane, 1978) . In the present study in patients with chronic airways obstruction, V, , , , .
was 82% of IC measured during resting breathing, but the total change in volume at the end of rebreathing, taking into account the increase in FRC, exceeded resting IC by 38%. Thus although VTmaX. would appear to be limited by resting TLC at the upper limit and by FRC at the lower in normal subjects, in patients with airflow obstruction during CO, stimulation the upper limitation is overcome so that the peak of each tidal excursion exceeds TLC (Fig. 3) .
Although there is some controversy concerning FRC changes during ventilatory stimulation in normal subjects (Grimby, et al., 1971) . The present plethysmographic studies give a more reliable measure of thoracic gas volume changes.
In normal subjects there is considerable variability in breath intervals, especially in T,, and likewise there was variability in breath intervals in the patients studied and in the changes in breath interval that occurred during rebreathing. It is therefore difficult to predict 'normal' breath intervals for the patients in this study or to draw any firm conclusions about changes in breath intervals.
It is reasonable, however, to postulate a progressive relative lengthening of T, in the face of expiratory airflow obstruction during CO, rebreathing. This would lead to a progressive rise in FRC, and it is likely that this is responsible for the small tidal volume response. This concept is supported by the good correlation shown between the increase in FRC and resting airways resistance (Fig. 2) . There is no direct correlation between V, , , , .
and AFRC but this relationship must be influenced also by the degree of resting hyperinflation.
It has been argued that raising FRC can have a beneficial effect if it moves tidal flow/volume loops to a position which avoids expiratory flow limitation. However, it would seem that, if ventilatory stimulation further increases FRC to the levels described in these subjects, the mechanical disadvantages of breathing at very high lung volumes must outweigh those of avoiding expiratory flow limitation. There may be implications for symptomatology. Whilst displacement of the flow/volume curve during resting breathing may alleviate dyspnoea due to airways narrowing, the increase in FRC during stimulated breathing may well introduce a separate component into the symptom of dyspnoea, due to breathing at a high lung volume, which may be equally distressing.
